Diphenylalanine is well known to form complex self-assembled structures, including peptide nanowires, with morphologies depending on N-and Cterminal modifications. Here we report that significant morphological variations of self-assembled structures are attainable through pH variation of unmodified diphenylalanine in trifluoroethanol. The obtained self-assembled diphenylalanine nanostructures are found to vary drastically with pH, incubation time, and diphenylalanine concentration in solution. The observed structures ranged from structured films at neutral and alkaline conditions to vertically aligned nanowires and sponge-like structures at acidic conditions. These observations are corroborated by the results of electrostatic modelling, indicating the disappearance of the dipole moment at high pH values. This also emphasizes the importance of the dipole moment for the resulting selfassembled structures. Our results suggest that, in comparison to the commonly described procedure of diphenylaniline nanowire growth through aniline vapor treatment, strictly anhydrous conditions are not necessarily required. The Many Faces of Diphenylalanine 207 molecular modelling. With the startup of Nanotechnology at AAU he moved to the Department of Physics and Nanotechnology where he became an Associate Professor in 2009. His research interests are centered around biological and small molecules and their interactions with cells and surfaces in general, for medical, sensor applications and as antibacterial agents. Leonid Gurevich received his Ph.D. in Physics at the Institute of Solid State Physics (Chernogolovka, Russia) in 1994. He initially worked on high-Tc superconductors but during his postdoc stay at Delft University of Technology became excited about nanotechnology and possibility of charge transport through a single molecule. Since 2005 he is an Associate Professor at Aalborg University. His research interests are focused on molecular electronics, biosensors, functional surfaces and nanofabrication.
Introduction
Self-assembly is a promising route to form functional nanostructured materials. In particular, peptides are specifically designed by Nature to self-assemble into complex structures [1] . This makes peptides a viable building material, in particular when biocompatibility is required [2] [3] [4] . Another major technological advantage of peptides is the well-known coupling chemistry and the diversity of chemical and physical properties of individual amino acids leading to a vast number of possible combinations [5] .
From a different perspective, although biological functions have been generally ascribed to proteins, a vast number of biologically active short peptides have been characterized in the past with functions ranging from storage and transport to antimicrobial activity [6] [7] [8] [9] and toxins [10, 11] . Recently, short peptides have been linked to a number of neurodegenerative disorders such as Alzheimer's, Parkinson's, and Prion diseases [12] [13] [14] . Studies have revealed that these conditions are related to peptide self-assembly properties, commonly known as amyloidogenesis. During this process a soluble and innocuous peptide turns into insoluble aggregates forming amyloid fibrils [14] [15] [16] .
The search for a model system to study the mechanism of amyloid formation led to the shortest possible self-assembling peptide consisting of just two units -diphenylalanine (FF) ( Figure 1 ) [17, 18] . Further studies have demonstrated that FF can assemble into a variety of structures including peptide nanotubes (PNTs) [19] .
The role of electrostatic interaction between FF units during PNT growth has been investigated using FF with differently modified termini, which have been found to form vertically aligned tubes, non-aligned tubes, or only a minimal amount of tubes [19] .
Another route for the formation of FF peptide nanowires (PNW) is based on aniline vapor treatment of FF amorphous films at elevated temperatures [20, 21] . Furthermore, PNWs can serve as templates for the formation of more complex structures for various applications, e.g. PNW/polyaniline core/shell [22], coaxial nanocables [23] , stencil masks for nanolithography [24] , and electrochemical sensors [25] [26] [27] have been demonstrated.
In the present paper we explore the possibility to affect the morphology of self-assembled structures by tuning the charge on the peptide via pH adjustment. We report the formation of various self-assembled structures using solutions of FF in TFE at different pH conditions and different incubation times.
Experimental Procedures

Synthesis of Diphenylalanine
Diphenylalanine was synthesized (0.1mmol theoretical yield) using SPPS on an Activo P11 Automated Peptide Synthesizer (Activotec, UK) following the protocol described in Table 1 . DIPEA (N,N'-diisopropylethylamine), HBTU (O-(Benzotriazol-1-yl)-N,N,N ,N -tetramethyluronium hexafluorophosphate), piperidine, and Fmoc-Phe-OH were acquired from Advanced Chemtech. Phe on Wang resin (0.75mmol/g), HOBt (N-hydroxybenzotriazole), DCM (dichloromethane), and DMF (N,N'-dimethylformamide) were obtained from Iris Biotech GmbH. 
Cleavage
Removal of side-chain protection groups and cleavage of FF from Wang resin was achieved by 90 min incubation in 4mL solution, consisting of 95% TFA (trifluoroacetic acid) (Iris Biotech GmbH), 2.5% deionized water, and 2.5% TIS (triisopropylsilane) (Fluka). After cleavage, FF in TFA/TIS was upconcentrated in a rotary evaporator and subsequently precipitated using ice-cold diethylether (Iris Biotech GmbH). The obtained FF powder was dissolved in 0.1% TFA and freeze dried.
Self-assembly of Diphenylalanine
Lyophilized FF was dissolved in TFE (Fluka), and ultrasonicated for 1 min following the initial disolution step. For pH adjustment, either 50μL 1M NaOH (Bie & Berntsen) or 50μL 1M HCl (Fluka) was added to 100μL of the FF solution. The FF solution was equilibrated at ambient temperature for 5, 10, or 30 minutes. To avoid pre-aggregation, fresh stock solutions were prepared for each set of experiments.
10x10mm Si-wafers coated with 300nm of thermally grown SiO 2 (NOVA wafers) were cleaned by ultrasonication in 99% ethanol (Kemetyl), rinsed and dried under a stream of N 2 .
For self-assembly, a 20μL droplet of FF solution was deposited on the Si-wafer and allowed to completely evaporate at ambient temperature.
To grow PNWs, self-assembled peptide films on Si-substrates were vapor treated with aniline (Sigma-Aldrich) in vacuum at 100 o C.
SEM
Samples were imaged using a Zeiss EVO 60 with an acceleration voltage of 10kV and samples used "as is", unless otherwise stated. If coating was necessary, the sample has been sputter coated with Au for 30 seconds using Edwards S150B sputter coater.
Electrostatic Map
The diphenylalanine structure obtained by energy minimization (steepest descent and Newton-Raphson) was fed to the Kryptonite PDB2PQR server [28] , with application of PROPKA [29] for pKa calculations. Adaptive Poisson-Boltzmann Solver (APBS) [30] was used to calculate the electrostatic potential using the linearized Poisson-Boltzmann equation. Parameters, except pH, for Kryptonite server and APBS were kept at default values. To account for the presence of residual water in TFE, the dielectric constant was set to 10.
Results & Discussion
Elecrostatic modelling of the diphenylalanine peptide revealed three distinct states: at pH 0-2 the peptide is cationic, between pH 3-8 it is zwitterionic, and above pH 8 it is anionic (Figure 2 ).
Diphenylalanine was found to initially form an amorphous film on the substrate, regardless of concentration or incubation time (Figure 3 ). The observed film thickness scaled linearly. Contrary to the claims of [22] , stating that anhydrous environment is required to form film, we found that peptide film formed under ambient conditions and in Ar atmosphere as well. According to literature the peptide film is believed to be amorphous [31] , however in our case the film was not a continuous entity, but rather consisted of many individual, interconnected, micro-crystallites of typical size 2-3μm ( Figure 3) . The observed behavior of diphenylalanine is most probably related to solvent structuring during evaporation leading to the formation of microcrystallites. The network of interconnected micro-crystallites forms the observed peptide film. This is in good agreement with [32] , where the peptide film has been found to be an assembly of large bundles of tubular structures arranged as spherulites.
Incubation of the peptide film in aniline vapor at 100 o C for 8hrs yielded PNWs, with size and density depending on FF concentration (Figure 4) . The peptide film, initially formed from a 6mM FF solution, underwent rearrangement from the amorphous state into individual PNWs (Figure 4 .a) upon treatment with aniline vapor. No distinctive growth direction or size distribution was observed; the largest PNWs observed were in the range of 360-420nm in diameter. Doubling the FF concentration to form the initial peptide film resulted in a similar behavior as described above, except for a higher wire density. The peptide film formed from a solution with 150mM FF exhibited much higher density of PNWs as compared to the 6mM and 12mM samples. Besides that, the 150mM samples contained several islands (Figure 4.d and Figure 5 ) of vertically aligned wires. Preliminary results suggest that while formation of such 3D islands is independent of the incubation time in aniline vapor -the images obtained after 2, 4, and 8 hours incubation, all show similar structures ( Figure 5 ). The total area of the islands formed was found to be time dependent.
Acidic conditions, independent of incubation time, tend to favor the formation of 3D structures ( Figure 6 ). The height profiles of the 3D structures varied between 90-130μm for smaller structures and up to 210-270μm for the largest structures observed. Incubation for 5 and 10 minutes yielded fibrous 3D "mushroom" structures ( Figure 6 .c). Upon extended incubation (30min), we observed merging of the fibrous 3D "mushroom" structures into porous "sponges" (Figure 6.d) . These results suggest that the morphology of the 3D structures is incubation time dependent. Fibrous mushroom structures were found to form after incubation times of 5 and 10 minutes, while porous sponge-like structures require 30 minutes of incubation. Structure formed under alkaline conditions had a drastically altered morphology ( Figure 7 ). No PNW growth was observed and the structure consisted of small rod-and flake-like structures interwoven in a complex manner independent of the incubation time. This observation is in line with the electrostatic modelling results showing a lack of a distinct dipole moment at pH values above 8 indicating the importance of a dipole moment for structured self-assembly of diphenylalanine.
Conclusion
All the reports on diphenylalanine self-assembly known in literature employed hexafluoro-2-propanol (HFIP) as a solvent. Moreover, strictly anhydrous conditions have been found to be necessary to achieve peptide nanowire growth upon aniline vapor treatment [20] . Our results suggest that a less hydrophobic solvent, trifluoroethanol, is capable of inducing the self-assembly of diphenylalanine. Moreover, by varying the pH of the trifluoroethanol solution of unmodified diphenylalanine, significant morphological variations were observed. While neutral and alkaline conditions favor formation of microstructured films, vertically aligned nanowires and sponge-like structures were obtained at acidic conditions. This observation is in line with the results of [19] , where a peptide with positively charged termini has been found to form well aligned peptide nanotubes, while negatively charged peptide have not formed any aligned structures. This has been attributed to the peptide interaction with a negatively charged silicon surface used as a substrate. In contrary to [19] we did not observe assembly into peptide nanowires at neutral pH, however this can be related to a slightly different protonation state of our substrate and peptide molecules as compared to [19] . Moreover, we found that using trifluoroethanol as a solvent did not require strictly anhydrous conditions to initiate the PNW growth through aniline vapor treatment. Similar results were observed in argon and ambient atmosphere. At lower concentrations the PNWs were observed to grow along the substrate, while at higher concentrations, islands of vertically aligned nanotubes started to appear. These results demonstrate a much wider parameter space for growing diphenylalanine nanowires and shows that pH can be used as an effective tool to control the morphology of peptide self-assembled structures [33] .
